Identification of specific drivers of human cancer is required to instruct the development of targeted therapeutics. We demonstrate that CSNK1D is amplified and/or overexpressed in human breast tumors and that casein kinase 1d (CK1d) is a vulnerability of human breast cancer subtypes overexpressing this kinase. Specifically, selective knockdown of CK1d, or treatment with a highly selective and potent CK1d inhibitor, triggers apoptosis of CK1d-expressing breast tumor cells ex vivo, tumor regression in orthotopic models of triple-negative breast cancer, including patient-derived xenografts, and tumor growth inhibition in human epidermal growth factor receptor 2-positive (HER2 + ) breast cancer models. We also show that Wnt/b-catenin signaling is a hallmark of human tumors overexpressing CK1d, that disabling CK1d blocks nuclear accumulation of b-catenin and T cell factor transcriptional activity, and that constitutively active b-catenin overrides the effects of inhibition or silencing of CK1d. Thus, CK1d inhibition represents a promising strategy for targeted treatment in human breast cancer with Wnt/b-catenin involvement.
INTRODUCTION
Breast cancer accounts for nearly one-quarter of all cancer diagnoses and is the principal cause of cancer-related mortality in women worldwide (1, 2) . Currently, treatment selection for breast cancer is based on pathological information and histological grade, and on the expression status of the estrogen (ER), progesterone (PR), and human epidermal growth factor 2 (HER2/neu) receptors, where targeted treatments blocking receptor function have made improvement in overall survival (1, 3) . Indeed, expression of ER and/or PR is a good prognostic factor and predictive indicator for benefit from endocrine therapies, and although HER2 overexpression connotes adverse prognosis, patients greatly benefit from anti-HER2-targeted treatments (4, 5) . In contrast, triple-negative breast cancers (TNBCs), defined by the absence of the ER and PR receptors and the lack of HER2 amplification, have no targeted treatment options, are highly aggressive, and exhibit poor prognosis (6, 7) . Although breast cancer research has pioneered and highlights the clinical benefits of targeted treatments, further identification of drivers and associated signaling pathways, particularly for TNBCs and HER2 breast cancers, is needed to instruct the development of targeted therapies, to extend disease-free survival, and to improve the lives of cancer patients.
Casein kinase 1d (CK1d) and CK1e are two highly related serine/ threonine kinases known to regulate diverse cellular processes, including circadian rhythm, membrane trafficking, and the cytoskeleton, and both have been implicated in cancer (8) (9) (10) (11) . For example, myristoylated CK1e is sufficient to transform mammary epithelial cells in vitro, whereas expression of a dominant-negative mutant of CK1d impairs SV40-induced mammary carcinogenesis in vivo (12) . As kinases, CK1d and CK1e are eminently tractable for small-molecule drug discovery. Nevertheless, the contribution of these kinases to human cancer is poorly understood, and the nonselective nature of previously reported CK1d/CK1e inhibitors has impeded validation of these kinases as anticancer targets (9, (13) (14) (15) . Indeed, pharmacological effects originally ascribed to inhibition of CK1d/CK1e are now known to be due to off-target actions of the nonselective inhibitors used (13, 16) . Thus, we sought to assess the functional role and potential clinical relevance of CK1d and/or CK1e as exploitable vulnerabilities in breast cancer.
Herein we report that CK1d is a promising target for breast cancer therapeutics and demonstrate the efficacy of a selective and potent small-molecule inhibitor that is effective against breast cancer subtypes overexpressing CK1d. Further, we demonstrate that CK1d is frequently amplified and/or overexpressed in a subset of human breast cancers, across each of the major breast cancer subtypes, and that knockdown or inhibition of CK1d provokes breast tumor regression in patient-derived and cell line orthotopic xenograft models of TNBC and HER2 + breast cancer. In addition, mechanistic studies establish that CK1d activity is a driver of Wnt/b-catenin pathway activation in breast cancers, a molecular phenotype known to associate with poor prognosis in breast cancer patients.
RESULTS
CSNK1D is amplified and/or overexpressed in a subset of human breast cancers To assess the involvement of CK1d and CK1e in human breast cancer, we examined the expression of each isoform in human breast tumor specimens compared to normal mammary tissue. Analysis of The Cancer Genome Atlas (TCGA) data sets revealed highly elevated expression of CK1d (CSNK1D) in invasive breast carcinomas (Fig. 1A) and in an independent data set ( fig. S1A) (17) . Assessment of CK1 isoform expression across the four major breast cancer subtypes (Pam50 intrinsic classifications) ). (B) Expression of CK1a1, CK1d, and CK1e across PAM50 breast cancer subtypes based on RNA sequencing (RNA-seq) data (n = 972 tumor samples, 113 solid tissue normal). Log 2 -normalized read count [RNA-seq by expectation-maximization (RSEM)] is shown. (C) CSNK1D DNA copy number analysis in invasive breast carcinomas clustered according to CK1d expression (n = 303). Gene-level copy number estimates (GISTIC2 threshold) of −2 (dark blue), −1 (light blue), 0 (white), 1 (light red), 2 (dark red), representing homozygous deletion, single copy deletion, diploid normal copy, low-level copy number amplification, or high-level copy number amplification are shown. (n = 3; ***P = 0. 001, **P = 0.0035). Right: Western blot confirming CK1d overexpression ±30 nM SR-3029 at 48 hours. (K) Relative growth (left: n = 3; sid1, P = 0.01; sid2, P = 0.003) and percent cell death by trypan blue dye exclusion (right: n = 3; sid1, P = 0.01; sid2, P = 0.027) 5 days after transfection of MDA-MB-231 with nontargeting (NT) or CK1d small interfering RNAs (siRNAs). (L) Quantitative real-time PCR (qPCR) data and immunoblot confirming knockdown of CK1d but not CK1e (n = 3; ***P < 0.0001). GAPDH, glyceraldehyde-3-phosphate dehydrogenase; AU, arbitrary units. (18) revealed that CK1d is widely overexpressed within a subset of tumors across all major classes (Fig. 1B) . In contrast, CK1e expression is more restricted to the basal-like subclass (Fig. 1B) and is not associated with invasive breast carcinoma ( fig. S1B) . Strikingly, gene copy number analysis (TCGA) revealed amplification (high and low level) of 17q25.3 involving the CSNK1D locus in over a third (36%) of human breast tumors, with higher frequencies of amplification in the luminal B and basal-like classes ( fig. S1C ). Increased CSNK1D copy number significantly correlates with the expression of CK1d transcripts (P < 0.0001) (table S1), with increased correlation observed within the HER2 + , basal-like, and luminal B subtypes compared to the luminal A tumors (Fig. 1, C and D, fig. S1D , and tables S2 to S5). Consistent with these findings, immunohistochemical analyses confirmed overexpression of CK1d in human breast tumor specimens compared to normal breast tissue ( fig. S2 ), and CK1d was overexpressed across a panel of human breast cancer cell lines (Fig. 1E) . In contrast, high CK1e expression was detected in only three of the breast cancer cell lines analyzed (Fig. 1E) , and expression of both CK1 isoforms was low in immortal human MCF10A breast epithelial cells, as well as in the MCF7 and T47D ER + breast cancer cells.
A potent, highly specific CK1d/CK1e inhibitor selectively inhibits breast cancer cell growth and survival We recently reported initial structure-activity relationships of a series of small-molecule dual inhibitors of CK1d and CK1e (16) . Our most advanced lead, SR-3029 (Fig. 1F) , is an adenosine triphosphatecompetitive inhibitor with exceptional potency and selectivity and is therefore well suited for use as a small-molecule probe of CK1d/CK1e biology. Cell proliferation assays revealed that cell types overexpressing CK1d are extremely sensitive to CK1d/CK1e inhibition, with median effective concentration (EC 50 ) values in the low nanomolar range (5 to 70 nM). In contrast, MCF7 and T47D breast cancer cells and the MCF10A cell line, which all express low amounts of CK1d, were two to three orders of magnitude less sensitive to SR-3029 (Fig. 1G and  table S6 ). This selectivity for breast cancer cells overexpressing CK1d was confirmed in clonogenic growth assays, where SR-3029 completely blocked clonogenic growth and survival of MDA-MB-231 cells, but had no effect on the colony-forming capacity of MCF7 breast cancer cells (Fig. 1H ). FACS analysis established that SR-3029 treatment selectively triggered rapid apoptosis of CK1d-overexpressing breast cancer cells (Fig. 1I) . We determined whether the anticancer effects of SR-3029 were due to on-target inhibition of CK1d and/or CK1e. First, forced overexpression of CK1d augmented the clonogenic growth of MDA-MB-231 cells but not GFP-expressing controls and was sufficient to rescue the growth inhibitory effects of SR-3029 (Fig. 1J) . Second, simultaneous knockdown of CK1d and CK1e or silencing of CK1d alone triggered apoptosis and impaired growth of MDA-MB-231 cells (Fig. 1, K and L, and fig. S3 , A and B). This effect was specific in that expression of siRNA-resistant CK1d transgene effectively rescued the growth inhibitory effects of CK1d silencing ( fig. S3C ). Knockdown of CK1e alone had no effect on MDA-MB-231 cell growth and survival ( fig. S3, D and E) . Finally, we investigated whether there were any potential off-target effects of our inhibitor. SR-3029 inhibits only 1% of the kinome and has a weaker affinity for three kinases in addition to CK1d and CK1e (CDK4, MYLK4, and FLT3) (16) . Of these, only FLT3 is a common (and weak) off-target of SR-3029 and its close analogs SR-2890 and SR-1277, which all show similar antiproliferative activities against human cancer cells (16), including MDA-MB-231 cells ( fig. S4 ). In contrast, MDA-MB-231 cells were insensitive to AC220, a low nanomolar inhibitor of FLT3 and FLT3 mutants ( fig. S4 ). Collectively, these findings establish CK1d as a biologically relevant target of SR-3029 that is required for the growth and survival of certain breast cancer cells.
Silencing or inhibition of CK1d provokes potent antitumor effects in vivo SR-3029 exhibits pharmacokinetic properties amenable for in vivo studies (16) . Given this, and the apparent addiction of CK1d-overexpressing breast cancer cells to this kinase, we tested the efficacy of SR-3029 in preclinical tumor models. MDA-MB-231 TNBC cells engineered to express firefly luciferase were engrafted into the mammary fat pads of immunodeficient nude mice, and treatment began 7 days later. As a single agent, SR-3029 (20 mg/kg daily intraperitoneally) markedly impaired tumor growth (Fig. 2, A and B) . Only two recipients subjected to SR-3029 therapy developed tumors, and these were strikingly small in size compared to those that arose in vehicle-treated mice (Fig. 2 , B and C). Next, orthotopic MDA-MB-231, MDA-MB-468 (TNBC), SKBR3, and BT474 (HER2 + ) tumor xenografts were allowed to reach an average size of 100 mm 3 before treatment. Daily intraperitoneal administration of SR-3029 (20 mg/kg) markedly inhibited tumor growth in all xenograft models (Fig. 2D and fig. S5 ). Regression of aggressive MDA-MB-231 and MDA-MB-468 tumors was associated with fulminant apoptosis (Fig. 2E and fig. S5A ) and with a significant increase in life span ( To confirm that inhibitory effects of SR-3029 on tumor growth in vivo were due to on-target inhibition of CK1d, MDA-MB-231 cells were engineered to stably express a doxycycline (Dox)-inducible short hairpin RNA (shRNA) directed against CK1d (MDA-MB-231-shCK1d). Treatment of these cells with Dox ex vivo resulted in efficient and selective knockdown of CK1d and rapid apoptosis/cell growth inhibition. This effect was rescued by exogenous expression of a shRNAresistant CK1d transgene ( . We also assessed the effects of SR-3029 on growth of a primary patient-derived xenograft (PDX) model, BCM-4013, an aggressive basal-like invasive ductal carcinoma, which had limited response to treatment with dasatinib and docetaxel. Histological and molecular profiling of this stably passaged PDX recapitulated many features of the primary tumor, including response to treatment (19) . After expansion of this model in vivo, we established orthotopic tumors, tested them for expression of CK1d (Fig. 3E) , and performed efficacy studies. In accord with breast cancer cell line models, administration of SR-3029 (20 mg/kg daily intraperitoneally) significantly inhibited the growth of these PDX tumors and triggered tumor cell apoptosis (Fig. 3 , F to H) (P = 0.0002). These studies support the notion that CK1d expression predicts sensitivity to SR-3029 and indicate that CK1d is an efficacious breast cancer target with potential relevance to human disease.
Wnt/b-catenin signaling is a hallmark of CK1d-expressing breast cancers To define pathways regulated by CK1d in human breast cancer and to identify potential biomarkers for CK1d inhibition, we analyzed TCGA patient tumor data sets for gene signatures associated with CK1d overexpression.
We identified 612 genes whose expression significantly correlated with CK1d expression (fold change, >2; P < 0.05) (fig. S8, A and B), and Ingenuity Pathway Analysis (IPA) indicated marked overlap with genes of the canonical Wnt pathway, including Wnt/b-catenin targets (CCND1), Wnt pathway components (FZD9), and endogenous modulators of the pathway [WNT3, WNT9A, and SFRP1 (secreted frizzled-related protein 1)] (Fig. 4A and fig. S8C ). Although activated Wnt/b-catenin signaling is associated with poor clinical outcome, pathway-activating mutations typical of other cancer types are rare in breast cancer (20, 21) . Our findings suggested that CK1d is an important activator of the Wnt pathway in human breast tumorigenesis and that genes regulated by this pathway could potentially serve as biomarkers required for further preclinical and clinical development of CK1d inhibitors.
The role of CK1d and CK1e in development and disease has been attributed to both Wnt-dependent and Wnt-independent roles (10, 15, 22, 23) . Moreover, the requirement for CK1d/CK1e in canonical pathway activation is controversial, with both cell type and context specificities (13, 22) . We therefore assessed the effects of CK1d inhibition (G) Expression of indicated mRNAs 24 hours after treatment with 100 nM SR-3029 (n = 3; *P < 0.05, **P < 0.01, ***P < 0.001; SFRP1, P = 0.0003; WNT3, P = 0.001; WNT9A, P = 0.0007; MYC, P = 0.0271; CCND1, P = 0.0054; CD44, P = 0.0071). (H) TCF-dependent luciferase activity in HEK293T cells ± CK1d shRNA expression induced with Dox (1 mg/ml) for 72 hours followed by ±3 hours of treatment with WNT3A (1 mg/ml; left to right, ***P = 1 × 7.23 −5 and 1 × 5.57 (Fig. 4B) . Further, CK1d knockdown or SR-3029 treatment reduced the unphosphorylated active form of b-catenin (ABC; Fig.  4C ) and markedly reduced endogenous b-catenin/TCF transcriptional activity, as measured in MDA-MB-231 cells stably expressing a TCFdependent luciferase reporter (Fig. 4D) . Accordingly, selective knockdown of CK1d or inhibition by SR-3029 repressed the expression of endogenous b-catenin/TCF target genes, including CCND1, MYC, CD44, as well as WNT3 and WNT9A, which were all associated with CK1d expression in human tumors (Fig. 4, E and F) . Moreover, SR-3029 treatment markedly increased the expression of the endogenous Wnt antagonist SFRP1 yet had no effect on Notch pathway mRNAs (JAG1, NUMB, and DTX) (Fig. 4G) , an additional pathway strongly implicated in breast cancer pathogenesis (27) .
To test whether inhibition of CK1d/CK1e is sufficient to switch off canonical Wnt signaling in response to Wnt ligands, we generated HEK293T cells stably expressing a TCF-dependent luciferase reporter. As predicted, Wnt-3a-directed induction of the TCF reporter was abolished by treatment with SR-3029 or CK1d knockdown (Fig. 4, H and  I) . Further, forced expression of a constitutively active (nuclear) mutant of b-catenin (S33Y) (28) increased TCF reporter activity, and this was refractory to the inhibitory effects of SR-3029 (Fig. 4I) . Thus, inhibition of CK1d is sufficient to block activated b-catenin signaling in human breast cancer cells and Wnt-inducible activation of the pathway through canonical signaling.
To assess the consequence of impaired Wnt/b-catenin signaling for the tumorigenic growth of human breast cancer cell subtypes that are sensitive to CK1d inhibition, we expressed b-catenin shRNAs in MDA-MB-231 and MDA-MB-468 cells. Each of these cell types expressed nuclear b-catenin (Fig. 4J ) and depended on bcatenin for sustained cell growth and survival (Fig. 4K) . Conversely, MCF7 cells, which express little to no nuclear b-catenin, were insensitive to b-catenin knockdown, consistent with their low expression of CK1d and relative insensitivity to SR-3029 (Fig. 4K) .
To more directly assess the role of impaired b-catenin signaling and the antitumor effects of targeting CK1d, we used two constitutively active b-catenin mutants. Forced expression of b-catenin-S33Y or the NH 2 terminal constitutively active mutant (b-catenin N90) was sufficient to rescue the growth inhibitory and apoptotic effects of either SR-3029 or CK1d knockdown in MDA-MB-231 cells (Fig. 5, A and B, and  fig. S9 ). Thus, CK1d controls b-catenin activity, which is necessary for breast cancer cell growth and survival.
MCF7 breast cancer cells express a low amount of CK1d (Fig. 1E) , have reduced expression of active (nuclear) b-catenin compared to MDA-MB-231 cells ( fig. S10A) , are refractory to SR-3029 (Fig. 1G) , and have limited tumorigenic potential relative to other human breast cancer cells (29) (30) (31) . MCF7 cells engineered to overexpress CK1d displayed increased expression of nuclear b-catenin (Fig. 5, C and D) and downstream Wnt target genes, including CCND1, CD44, WNT3, and WNT9A (Fig. 5, E and F) . Further, forced overexpression of CK1d potentiated the clonogenic growth of MCF7 cells and sensitized them to SR-3029 in both short-and long-term growth assays (Fig. 5G and fig. S10B ).
Knockdown of b-catenin was sufficient to impair exogenous CK1d-driven MCF7 cell growth (Fig. 5H) , confirming a critical mechanistic role for the Wnt/b-catenin pathway in the growth-promoting activity of CK1d.
To assess whether CK1d inhibition impairs Wnt/b-catenin signaling in vivo and whether modulation of this pathway represents a predictive biomarker, MDA-MB-231 tumors isolated from mice treated for 7 days with SR-3029 (20 mg/kg) or with vehicle (once daily, intraperitoneal administration) were analyzed for markers of activated b-catenin signaling. Expression of nuclear b-catenin was markedly reduced in tumors derived from SR-3029-treated mice compared to vehicle-treated controls (Fig. 6A) , and this was associated with decreases in CCND1, WNT3, WNT9A, and RARA mRNA transcripts, as well as with a marked increase in expression of SFRP1 transcripts (Fig. 6B) . Moreover, down-regulation of cyclin D1 protein was observed in tumors derived from SR-3029-treated mice as well as in those that had undergone Dox-inducible silencing of CK1d (Fig. 6C  and fig. S11 ). Finally, because Wnt/b-catenin signaling is known to play a key role in the homeostasis of regenerating tissues, we assessed the effects of long-term SR-3029 treatment on the integrity of the small intestine. Hematoxylin and eosin (H&E) staining revealed no gross morphological defects, and TUNEL staining failed to detect evidence of apoptosis ( fig. S12 ), in contrast to that observed in corresponding tumors (Fig. 2E) .
Collectively, these findings established a link between activation of a CK1d-to-b-catenin pathway and sensitivity to SR-3029, and suggested that features of this pathway would define tumors that will respond to this targeted therapy. Analyses of additional TCGA cancer data sets revealed CSNK1D copy number amplifications (high and low) in more than 70% of patients with papillary renal cell carcinoma and in nearly 50% of patients with bladder cancer, and gene amplification in these tumors also correlated with increased CK1d expression (Fig. 6, D and E, and tables S8 to S11). There was a significant overlap between the CK1d gene signature list and Wnt pathway genes in both cancer types (CK1d high versus CK1d low, P < 0.05; fold change, 1.5) (Fig. 6F, fig. S13 , and tables S12 and S13). Thus, the CK1d-to-b-catenin signaling circuit may be an unexploited vulnerability across a spectrum of human malignancies.
DISCUSSION
Identification of specific drivers of human breast cancer has instructed the development of targeted therapies such as trastuzumab for the treatment for HER2-amplified breast cancers and hormonal therapies for the treatment of ER + breast cancers, and these targeted agents have improved the survival and clinical management of these diseases (32) . In contrast, patients with relapsed disease and those with TNBCs lack targeted therapies and represent an urgent unmet clinical need. The data presented herein implicate CK1d as an attractive therapeutic target with potential benefit for HER2 + breast cancer and TNBC patients aberrantly expressing CK1d.
Heretofore, the roles of CK1d in human cancer have been poorly understood, and previous small-molecule modulators of CK1d have lacked the potency and/or selectivity required to validate CK1d as an anticancer target (9, (13) (14) (15) 33) . For example, the probe molecule IC261 used in several studies has subsequently been shown to act not by inhibition of CK1d/CK1e but rather by blocking tubulin function (13) . Moreover, studies with the CK1d/CK1e dual inhibitor PF670462 have shown that it lacks anticancer activity (13, 14) and that this is likely due to important off-target activity against multiple kinases, including several having proapoptotic activity (16) . In contrast, our small-molecule inhibitor (SR-3029) is highly selective, potent (16) , and efficacious in multiple preclinical models of human breast cancer. Further, our findings demonstrate that overexpression of CK1d predicts sensitivity to SR-3029 in cell-based models of breast cancer, suggesting that dependence on CK1d is cell type-and context-specific. Overexpression of CK1d, which is widespread across each of the four major breast cancer subtypes, may thus identify tumors that will respond to this targeted treatment strategy. Further study across a broader spectrum of patientderived tumor samples is needed to fully investigate this hypothesis. Gain-and loss-of-function mutations in positive (b-catenin) and negative (APC, AXIN1, etc.) regulatory components of the Wnt pathway are prevalent at a high frequency in human cancers [reviewed by (34) ]. In contrast, although aberrant activation of the Wnt pathway is frequent in breast cancer (21, 35, 36) , mutations in Wnt pathway components are rare in these malignancies (20, 21, 37) . Here, we have shown that CK1d-to-b-catenin signaling is activated in a subset of human breast cancers, where silencing or pharmacological inhibition of CK1d is sufficient to disable b-catenin activity and provoke breast cancer cell apoptosis. Our findings thus implicate CK1d as a key target kinase that can be exploited (for instance by SR-3029) to disable aberrant Wnt/b-catenin signaling that is manifest in several breast cancer subtypes. Previous reports have described several pathways where CK1d plays an important role (23, 33) . Thus, although the anti-breast cancer activity of SR-3029 clearly targets Wnt/b-catenin signaling, additional effectors could contribute to its substantial antitumor activity in vivo.
Collectively, the findings presented herein identify CK1d as an efficacious therapeutic target with potential for clinical relevance in a subset of breast cancers, where CK1d is (i) activated via amplification and/or overexpression, (ii) a necessary driver of b-catenin activity in these tumor subtypes, and (iii) necessary for the growth and survival of cell-and patient-derived preclinical models of human breast cancer. Further, given the discovery of additional cancers with an activated CK1d-b-catenin circuit, CK1d may be an attractive target for a broad spectrum of human malignancies. Moving forward, further medicinal chemistry efforts are required for the development of a SR-3029 analog suitable as a clinical candidate for testing in humans.
MATERIALS AND METHODS

Study design
This study was designed to assess the involvement of CK1d and CK1e in human breast cancer and to investigate the efficacy of a highly specific dual CK1d/CK1e inhibitor in preclinical models of human breast cancer. Five human orthotopic breast xenograft models, as well as pharmacological and genetic studies, were used to validate targeting CK1d in subsets of breast cancer that overexpress this kinase. Power analyses suggested that based on the difference in tumor volume between groups and the SD of tumor volumes within each group, an n of at least 7 or greater is required for confidence of 90%. Our experiments therefore included 7 to 12 tumor-bearing mice per experimental or control (vehicle) cohort, with mice randomized before treatment to determine random sampling such that the median tumor size between cohorts was the same. All tumor sizes were measured throughout the duration of the experiment and graphed in figures without excluding any samples. For survival analyses, mice were euthanized when moribund and/or when tumors became ulcerated or exceeded a volume of 1.2 cm 3 . All cell-based assays were performed in triplicate and repeated at least three times.
Xenograft tumor models and bioluminescent imaging of mice All animal studies were approved by the Scripps Florida Institutional Animal Care and Use Committee. Stable pools of MDA-MB-231-luc, MDA-MB-231, MDA-MB-468, SKBR3, or BT474 cells were established by injection of 2 × 10 6 cancer cells into the mammary fat pads of 6-week-old female athymic nude mice (Charles River Laboratories). Establishment of BCM-4013 PDXs was performed as described (19) . Briefly, fresh xenograft tumor fragments (~1 mm ) was determined from tumor region of interest using Living Image analysis software (Xenogen).
Cell proliferation and clonogenicity assays Cell proliferation was measured 72 hours after SR-3029 or vehicle treatment using CellTiter-Glo (Promega) according to the manufacturer's instructions. EC 50 values were determined by nonlinear regression and a four-parameter algorithm (GraphPad Prism 5). For clonogenic assays, cells were plated in six-well dishes in triplicate at a density of 500 to 1000 cells per well. After overnight incubation, SR-3029 or vehicle (DMSO) was added to the medium for 72 hours, and cells were allowed to grow out for 7 to 10 days, during which medium was changed every 2 to 3 days without adding compound. Colonies were fixed in 4% paraformaldehyde/phosphate-buffered saline (PBS), stained with 0.5% methylene blue in 50% ethanol for 1 hour at room temperature, and destained with water. Colonies with more than 50 cells were counted using a low-magnification light microscope.
Reagents, cell lines, and transfection
Unless otherwise stated, all chemicals were purchased from Sigma-Aldrich. MDA-MB-231, MDA-MB-436, MDA-MB-468, HS578T, BT474, SKBR3, MDA-MB-453, MCF7, and T47D breast cancer cells, as well as immortal MCF10A breast epithelial cells, were from the American Type Culture Collection. For CK1d and CK1e knockdown, siRNA duplexes were prepared according to the manufacturer's instructions (Qiagen), and specific knockdown conditions were optimized using the HiPerfect transfection reagent (Qiagen). A final concentration of 20 nM total siRNA was used to achieve knockdown. FuGENE 6 (Roche) was used for DNA transfections as per manufacturer's instructions. siRNA, shRNA, and oligonucleotide sequences used for PCR are listed as supplementary tables (tables S14 to S16).
Lentiviral transduction
Lentiviral vectors expressing CK1d (Y3989-Lv105-0200; GeneCopoeia), GFP (EGFP-Lv105-0200; GeneCopoeia), luciferase, or the TCF reporter 7TFP (Addgene) were cotransfected with pPACKH1 packaging plasmids into HEK293T cells to produce lentiviral particles per the manufacturer's recommendations (System Biosciences). To stably express specific shRNAs (table S16), shRNA oligonucleotides were cloned into the Tet-pLKO-Puro vector using the recommended protocol (38) , and lentiviruses were generated using the MISSION Packaging System (Sigma). MDA-MB-231 cells were transduced with optimized titers of lentiviruses, and infected cells were selected in puromycin (1 mg/ml) or blasticidin (5 mg/ml for luciferase lentivirus) containing medium to expand stably infected pools.
Immunoblotting SDS-polyacrylamide gel electrophoresis was performed using NuPAGE 4 to 12% bis-tris gels (Invitrogen), and proteins were transferred to polyvinylidene difluoride membranes by semidry transfer using Trans-Blot transfer medium (Bio-Rad). Membranes were blocked in Odyssey blocking buffer (LI-COR Biosciences) and incubated overnight at 4°C with primary antibodies. After repeated washes with TBS-T [20 mM tris (pH 7.6), 140 mM NaCl, and 0.1% Tween 20] , blots were incubated with the appropriate IRDye-conjugated secondary antibody (LI-COR Biosciences) and imaged using the LI-COR Odyssey. Bands were quantified using the Odyssey software (LI-COR Biosciences). The following antibodies were used in this study: CK1d and histone H4 (Abcam), CK1e, c-Myc (9E10), cyclin D1, and b-actin (Santa Cruz Biotechnology), b-catenin (Cell Signaling), GAPDH (Millipore), and CD44 (R&D Systems).
Quantitative real-time PCR Total RNA was obtained with the RNeasy Plus Mini Kit (Qiagen), and 1 to 2 mg of RNA was reverse transcribed with Superscript III First-Strand Synthesis System (Life Technologies). qPCR was performed with the Power SYBR Green PCR Master Mix (Life Technologies) on the Applied Biosystems 7900HT Fast Real-Time PCR System. Intron-spanning genespecific primer pairs were designed using the Primer3 algorithm, and relative expression values for each gene of interest were obtained by normalizing to GAPDH mRNA expression using the DDC t method.
Immunocytochemistry and H&E staining
To detect apoptosis in cryosections, tumors and small intestines were fixed in 10% buffered formalin for 2 hours, incubated in 20% sucrose overnight, and embedded in optimal cutting temperature medium. Frozen sections (5 mM) were mounted and stained using the ApopTag Red In Situ Kit according to the manufacturer's instructions (Chemi-Con). For H&E staining, tissues were fixed in 10% buffered formalin for 48 hours, transferred to 70% ethanol/PBS, and embedded in paraffin. Staining was performed on 5-mm sections after deparaffinization (AML Laboratories). TCF reporter assays MDA-MB-231 or HEK293 cells stably expressing the TCF luciferase reporter 7TFP (39) were transfected with b-catenin-S33Y or empty vector (pcDNA). After 18 hours, cells were seeded onto a 96-well plate at a density of 6000 cells per well. After 24 hours, cells were treated with SR-3029 or vehicle and incubated for 6 hours before addition of recombinant human Wnt-3a (1 mg/ml; R&D Systems) or PBS. After 3 hours, we performed reporter assays with Britelite plus (PerkinElmer), which was added in equal volume directly to the medium, and luminescence was detected with a SpectraMax plate reader (Molecular Devices).
Bioinformatics analyses TCGA data retrieval: breast cancer (BRCA), kidney renal papillary cell carcinoma (KIRC), and bladder cancer (BLCA) gene expression and copy number data sets were downloaded from TCGA portal (http:// tcga-data.nci.nih.gov/). For expression profiling, we downloaded level 3 expression data of 20,475 genes from the RNASeqV2 platform.
For gene expression profiling analysis, RSEM normalized count was used to analyze gene expression estimates for the RNASeqV2 data from TCGA breast cancer data set. Log 2 -normalized counts were imported into GeneSpring GX V12.1 (Agilent Technologies). Baseline transformation was set as the median for all samples for each data set (919 breast, 228 kidney, and 260 bladder cancer samples).
To identify the CK1d gene signature list, the upper 100 and lower 100 tumor breast tumor samples (CK1d-high and CK1d-low groups) or upper and lower quartiles for smaller data sets (kidney and bladder cancer) were defined on the basis of CK1d (CSNK1D) expression. Of 20,501 genes, only genes with higher than median expression in at least one sample were filtered for downstream analysis. GeneSpring Volcano Plot function was used to identify differentially expressed genes between the CK1d-high and CK1d-low groups. Statistical test parameters were set as follows: selected test, unpaired t test; P value computation, asymptotic, multiple testing correction, Benjamini-Hochberg. Corrected P value cutoff was set to 0.05, and fold change cutoff was as indicated in the text.
To generate heatmaps, we used the GeneSpring hierarchical clustering algorithm. The similarity measure was set to Pearson centered, and the linkage rule was set to average. IPA software (Qiagen) was used to identify canonical pathways that overlap with the CK1d gene signature in the breast cancer data set. Significance was calculated by Fisher's exact test (P < 0.05). For analysis of additional cancer data sets, we imported the list of IPA Wnt/b-catenin signaling genes (172 genes) into GeneSpring and calculated the P value of overlap with the CK1d signature lists using GeneSpring software (probability of overlap formula).
Copy number analysis, TCGA RNA-seq, and GISTIC2 thresholded copy number data were ordered on the basis of CSNK1D RNA-seq expression. To confirm the correlation, we generated a scatter plot in GraphPad Prism 6 on the basis of log 2 mRNA expression and log 2 copy number values (40) . Pearson's r and P value were calculated using GraphPad Prism 6. The data shown in all scatter plots and correlation analyses are provided in tables S1 to S4 and S7 to S11.
Statistical analysis
All values in figures are presented as means ± SE unless otherwise stated. Survival curves were calculated by using the Kaplan-Meier method, and differences between the curves were determined by logrank test. Correlation coefficients were calculated using the Pearson test. All other experiments were analyzed using Student's two-tailed t test in Excel or Prism, and P values ≤0.05 were considered significant.
SUPPLEMENTARY MATERIALS
www.sciencetranslationalmedicine.org/cgi/content/full/7/318/318ra202/DC1 Fig. S1 . CK1d, but not CK1e, is overexpressed in human breast cancer and associated with CSNK1D gene amplification. Fig. S2 . CK1d is overexpressed in human breast cancer specimens. Fig. S3 . Silencing of CK1d and CK1e, but not CK1e alone, impairs growth and survival of MDA-MB-231 breast cancer cells. Fig. S4 . Selective inhibition of FLT3 has no effect on proliferation of MDA-MB-231 breast cancer cells. Fig. S5 . Treatment with SR-3029 impairs growth of triple-negative and HER2
+ breast tumor models. Fig. S6 . Long-term daily dosing with SR-3029 has no adverse effects on major organ histology. Fig. S7 . Selective silencing of CK1d is sufficient to impair growth of MDA-MB-231 breast cancer cells. Fig. S8 . Wnt/b-catenin pathway genes are a hallmark of CK1d-expressing breast cancers. Fig. S9 . Constitutively active b-catenin N90 rescues the growth inhibitory effects of CK1d inhibition and silencing. Fig. S10 . CK1d expression in MCF7 breast cancer cells sensitizes them to SR-3029. Fig. S11 . Cyclin D1 expression is suppressed in TNBC MDA-MB-231-derived tumors after knockdown of CK1d. Fig. S12 . Inhibition of CK1d/CK1e has no effect on intestinal homeostasis. Fig. S13 . Canonical Wnt signaling genes are correlated with CK1d expression in human renal and bladder cancer. Table S1 . TCGA RNA-seq and GISTIC2 copy number data and correlation analysis for breast cancer (BRCA) tumors. Table S2 . TCGA RNA-seq and GISTIC2 copy number data for basal-like Pam50 breast tumors. Table S3 . TCGA RNA-seq and GISTIC2 copy number data for HER2-positive Pam50 breast tumors. Table S4 . TCGA RNA-seq and GISTIC2 copy number data for luminal A Pam50 breast tumors. Table S5 . TCGA RNA-seq and GISTIC2 copy number data for luminal B Pam50 breast tumors. Table S6 . Potency of the CK1d/CK1e inhibitor SR-3029 for human breast cancer subtypes. Table S7 . No toxic effects from long-term daily treatment with SR-3029. Table S8 . TCGA RNA-seq and GISTIC2 copy number data for renal papillary (KIRP) tumors. Table S9 . TCGA RNA-seq and GISTIC2 copy number data for bladder cancer (BLCA) tumors. Table S10 . Renal papillary cell carcinoma correlation analysis. Table S11 . Bladder cancer correlation analysis. Table S12 . Wnt signaling genes significantly associated with CK1d expression in renal papillary cell carcinoma. Table S13 . Wnt signaling genes significantly associated with CK1d expression in bladder cancer. Table S14 . Oligonucleotides used for qPCR. Table S15 . siRNA sequences. Table S16 . shRNA sequences.
